INTRODUCTION
homodimeric serine phosphoprotein with unknown function. 1 The N protein is selfinteractive by noncovalent interactions at amino acids 30-37 through RNA bridging 2 and, as the N protein migrates to the ER and Golgi complex, becomes disulfide-linked via the cysteine residue at position 23. 2 The cysteine-mediated N-N homodimerization is essential for virus infectivity. 3 The N protein is present mainly in the perinuclear region of infected cells but is also specifically localized in the nucleus and nucleolus. 4 A "pat7" and is functional and sufficient for N accumulation to the nucleolus. 5 The N protein nuclear translocation is importin-α and -β dependent. 5 The N protein is an RNA binding protein, and the RNA binding domain has been mapped to the region of amino acids 37-57, which overlaps the NLS sequence. 6 In the nucleus, the N protein colocalizes and interacts with the small nucleolar RNA-associated protein fibrillarin, 6 implicating a nonstructural role of N in ribosome biogenesis. Substitution of lysine residues at positions 43 and 44 with glycine residues has been shown to destroy the pat7 motif and prevents the nuclear localization of N. In the current study, the NLS motif was modified to "PGGGNKK" to knock out the nuclear function of N using a full-length infectious cDNA clone. NLS-null mutant virus was obtained and compared with the wild-type virus for phenotypic changes in cells and pigs. The NLS-null virus was stable in cell culture and grew to a titer of 100-fold lower than wild-type virus. Pigs infected with the NLSnull virus exhibited a reduced severity of disease with milder viremia and higher neutralizing antibody and ELISA antibody titers than wild-type virus-infected pigs. Strong selection pressure for reversion at the NLS locus was observed during viremia and persistence in pigs. The N protein nuclear localization may be associated with the virulence and pathogenesis of PRRSV in vivo.
MATERIALS AND METHODS
The NLS motif in the N protein was modified using a shuttle plasmid to substitute codons for lysine at 43 and 44 to glycine. The NLS-modified full-length cDNA clone was designated pCMV-S-P129-GG. Infectious virus was generated by direct transfection of the plasmid into MARC-145 cells using Lipofectin (Invitrogen) and designated P129-GG. N protein nuclear localization was determined by immunofluorescence of infected cells using N-specific monoclonal antibody SDOW17. Virus in the supernatant from transfected cells was expanded by three serial passages on MARC-145 cells, titrated by plaque assays, and used in this study.
Twenty-one piglets were obtained from a PRRSV-free swine herd at 5 weeks of age and were divided into three groups, seven piglets per group. Pigs received 5 x 10 4 pfu wild-type virus, P129-GG virus, or a placebo intranasally. Clinical signs (general condition, depression, loss of appetite, coughing, sneezing, and respiratory distress) were monitored, and rectal temperatures were measured daily in all pigs for the first one week after inoculation. Blood samples were taken on days 0, 4, 7, 10, 14, 21, and 28 postinfection for virus isolation and serology.
RESULTS AND DISCUSSION
The NLS motif of the N protein was modified from PGKKSKK to PGGGNKK in the full-length infectious cDNA clone. Cells were transfected with either the wild-type clone or the mutant clone. Both clones produced infectious progeny virus. CPE induced by the two viruses was similar (Fig. 1B, 1C ), but plaques formed by the P129-GG NLSnull virus were smaller than wild-type plaques. No detectible translocation of N protein was identified in the nucleus of cells infected with P129-GG virus (Fig. 1F ). Growth kinetics of both viruses were similar with maximum yields at 4-5 days postinfection, but P129-GG reached a peak titer approximately 2 logs lower than that of wild -type.
Groups of seven pigs at six weeks of age were infected intranasally with 5 x 10 4 pfu of P129-WT or P129-GG. All pigs became positive for virus in the serum at four days postinfection, and some animals remained viremic through day 10.
The mean virus titers were higher in the P129-WT group throughout the viremic period. The average duration of viremia was also higher in the P129-WT than in the P129-GG group, while the mock-infected pigs remained negative for PRRSV throughout the study. The appearance of anti-PRRSV antibody was monitored in sera using a commercial ELISA kit (IDEXX). Antibody was first detectable at 7 days postinoculation and continued to increase throughout the study. The mean S/P ratio in the P129-GG group remained consistently higher than that of the P129-WT group in spite of the lower level of viremia in the P129-GG group. Serum neutralization (SN) titers against PRRSV were also determined. The mean titer in the P129-GG group increased dramatically between 14 and 28 days. By the end of the study, the average neutralization titer in the P129-GG group was approximately five times higher than in the P129-WT group (Table  1) . One pig in the P129-GG group exhibited viremic and serologic patterns similar to those of animals in the P129-WT group, and a possible reversion of P129-GG was suspected. Viral plaques were prepared from serum of this pig and the N gene was amplified by RT-PCR. Of 10 plaques examined, only 1 plaque retained the original NLS sequence of P129-GG, and 9 plaques were all reverted to the wild-type sequence (Fig. 2) . No other mutation was detected elsewhere in the N gene, suggesting strong and specific selection pressure at the NLS locus. N proteins from NLS revertants were found to regain the ability of translocation in the nucleus (Fig. 2 ).
PRRSV NLS MUTATIONS MODULATE ANTIBODY RESPONSE
In the present study, the biological significance of the N protein nuclear localization was studied for PRRS virus. The NLS-null P129-GG virus was generated using an infectious cDNA clone, demonstrating that NLS is nonessential for virus infectivity. The NLS-null virus grew to a titer 2 logs lower than the wild-type virus. In pigs, the NLS-null virus induced shorter duration viremia and lower virus titers in comparison to the wildtype infected pigs. Despite the reduced level of viremia, higher levels of ELISA and neutralizing antibody titers were observed in the NLS-null virus infected pigs. The ability of the NLS-null virus to induce higher level antibodies suggests a possible role of N in the host response modulation. Reversions at the NLS locus occurred in pigs during viremia, and N proteins from the revertants were found to localize in the nucleus. The data suggest that the PRRS virus N protein may play an important role in viral pathogenesis. This unique property of N may be associated with an evasion strategy of PRRS virus from the host defenses. 
